Abstract. Endothelial dysfunction and apoptosis have key roles in the initiation and progression of atherosclerosis (AS). AS has been demonstrated to be associated with a high-fat diet, which may increase endothelial permeability and apoptosis; however, the exact mechanisms underlying the development of AS remain poorly understood. MicroRNAs (miRNAs) are vital for the regulation of cardiovascular disease, and dysregulated miRNAs have been implicated in AS. The present study investigated whether miRNA (miR)-126 regulates high-fat diet-induced endothelial permeability and apoptosis by targeting transforming growth factor β (TGFβ), a secreted protein that controls cellular proliferation and apoptosis. In the present study, apolipoprotein E (apoE)
Introduction
Atherosclerosis (AS) is characterised by autoimmune and immunological mechanisms leading to plaque formation (1) (2) (3) (4) (5) . Endothelial dysfunction and apoptosis are often seen as the initiating factors (3) (4) (5) (6) . A high-fat diet promotes the development of AS by increasing endothelial permeability and apoptosis (7) (8) (9) (10) . The discovery of microRNAs (miRNAs) has provided a novel perspective for AS research. miRNAs are small, single-stranded, non-coding RNA molecules (~22 nucleotides) that are encoded within the genome and derived from endogenous small hairpin precursors (3, 4, 11) . miRNAs are involved in the post-transcriptional regulation of gene expression via binding to the 3'-untranslated regions (3'-UTRs) of specific mRNAs, which subsequently inhibits the transcription or translation of the target mRNAs (12, 13) . It has been reported that miRNAs have key roles in various physiological cellular activities, including development, growth, proliferation, metabolism, differentiation and apoptosis. The occurrence and development of numerous cardiovascular diseases, including AS, hypertension and cardiac fibrosis, is associated with aberrant expression of miRNAs (14) (15) (16) (17) .
miRNA (miR)-126 is currently the only known miRNA expressed specifically in endothelial cells and hematopoietic stem cells, and is closely associated with AS, coronary heart disease and other cardiovascular diseases (18) (19) (20) (21) (22) . Our recent study demonstrated that miR-126 exerts anti-apoptotic
MicroRNA-126 inhibits endothelial permeability and apoptosis
in apolipoprotein E-knockout mice fed a high-fat diet XIAO by inhibiting the expression of tumour necrosis factor receptor-associated factor 7 and the production of reactive oxygen species (23) . Transforming growth factor β (TGFβ) is a cytokine that has key roles in numerous biological processes, including inflammatory responses and apoptosis (24) (25) (26) . Studies have indicated that TGFβ is closely associated with endothelial cells and the pathogenesis of AS (27) (28) (29) (30) (31) . The effect of miR-126 on high-fat diet-induced endothelial permeability and apoptosis remains unclear. The results of the present study suggested that miR-126 inhibited endothelial permeability and apoptosis by inhibiting TGFβ expression via binding to the 3'-UTR of TGFβ mRNA.
Materials and methods
Cell culture and reagents. Primary HUVECs were purchased from Lonza, Inc. (Allendale, NJ, USA). Sulfo-NHS-LC-biotin was purchased from Pierce; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). miRNA oligonucleotides (miR-126 mimic, 5'-CAG UAC UUU UGU GUA CAA-3'; miR-126 antagomir, 5'-CGC AUU AUU ACU CAC GGU ACG A-3'; and negative control miRNA, 5'-UUC UCC GAA CGU GUC ACG UTT-3') and TransMessenger Transfection reagent were obtained from Qiagen China Co., Ltd. (Shanghai, China). Rhodamine600 (XRITC)-avidin was obtained from Pierce; Thermo Fisher Scientific, Inc. HUVECs were cultured in endothelial cell growth medium supplemented with 10% fetal bovine serum and 100 U/ml penicillin-streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.), and maintained at 37˚C in a 5% CO 2 atmosphere. The cells at passage 3-4 were used for experiments. All experiments were repeated at least three times.
Animal experimental procedures. All of the experiments performed in the present study were approved by the Ethics Committee of The First Affiliated Hospital of Anhui Medical University (Hefei, China). A total of 60 male apolipoprotein E (apoE) -/-mice (age, 4 weeks; weight, 22±5 g) were obtained from the Institute of Basic Medical Sciences of Peking Union Medical College (Beijing, China). Mice were housed individually in screen-bottomed plastic cages in a temperature-controlled room (25˚C) under a 12-h light/dark cycle with free access to food and water. Mice were divided into two groups: Standard diet (n=16) and standard diet plus 5% lard oil and 2% cholesterol (n=44); diets were maintained for 16 weeks. At 12 weeks, 8 control and 8 high-fat diet mice were euthanized for detection of miR-126 expression levels, and the remaining control and high-fat diet mice were randomly divided into the following three groups: Control miRNA oligonucleotides (n=8; 4 control mice and 4 high-fat diet mice); miR-126 antagomir oligonucleotides (n=18; 9 control mice and 9 high-fat diet mice); and miR-126 mimic oligonucleotides (n=18; 9 control mice and 9 high-fat diet mice). Control miRNA, or miR-126 antagomir or mimic was injected subcutaneously at a dose of 10 mg/kg twice in the first week, followed by once a week for 4 weeks. During the study period, 1 mouse died in the control miRNA oligonucleotide group, 2 died in the miR-126 antagomir oligonucleotide group and 2 died in the miR-126 mimic oligonucleotide group. At the end of the experiment, the aorta was removed from mice as previously described (8) . Part of the aorta was embedded in optimal cutting temperature compound and snap frozen. The remaining aorta was stored at -80˚C.
miR-126 expression assay. Total RNA was extracted from the aorta using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.). miR-126 expression was determined using a miRNA Plate Assay kit (cat no. MA-0101; Signosis, Inc., Santa Clara, CA, USA) and an oligo mix specific for miR-126 (cat no. MO-0040; Signosis, Inc.), according to the manufacturer's protocol. The RNA content was normalized to U6 small nuclear (sn)RNA. miR-126 expression was also determined using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) with the following primers: miR-126, forward 5'-UCG UAC CGU GAG UAA UAA UGCG-3', reverse 5'-CAU UAU UAC UCA CGG UAC GAUU-3'; and U6 snRNA, forward 5'-CTC GCT TCG GCA GCACA-3' and reverse 5'-AA CGC TTC ACG AAT TTG CGT-3'. Amplification conditions were as follows: Initial denaturation at 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 sec, and at 60˚C for 60 sec. The reaction mixture contained the following: 2X Power SYBR Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.), cDNA template, 10 pmol/µl of each primer and sterile H 2 O. Relative gene expression was quantified according to the comparative Cq method (32) using GraphPad Prism software version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA).
Permeability assay. The permeability assay was performed as previously described (33) . Briefly, frozen aorta sections (10-µm thick) were stained at 37˚C with Sulfo-NHS-LC-biotin for 30 min, and blocked with 5% non-fat milk at 4˚C overnight and subsequently submerged into blocking buffer containing XRITC-avidin (1:500) at room temperature for 1 h. The slides were washed three times with PBS and dried. Images were captured using an Olympus Provis AX70 fluorescence microscope (Olympus Corporation, Tokyo, Japan).
Caspase-3 activity measurement. Caspase-3 activity was detected in aortic samples using a Caspase-3 Fluorometric assay kit (Enzo Life Sciences, Inc., Farmingdale, NY, USA), as previously described (34) . Briefly, aortic samples were isolated from anesthetized mice and stored in liquid nitrogen. Samples were homogenized with lysis buffer containing 50 mM Tris-HCl (pH 6.8), 10% glycerol and 2% SDS for 3 min on ice, maintained on ice for 10 min, centrifuged at 21,130 x g for 10 min at 4˚C, and supernatants were collected and cryopreserved at -70˚C until further use. Protein concentration was determined using a bicinchoninic acid (BCA) assay with the Micro BCA™ Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of extracted protein samples (50 µg) were incubated at 37˚C overnight with N-acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA). The quantity of pNA that was released was estimated at 405 nm using a microplate ELISA reader. Caspase-3 relative activity was calculated as follows: Caspase-3 activity=(mean experimental absorbance/mean control absorbance)x100%.
Western blot analysis. Aortic samples were homogenized, lysed for 3 min on ice in 1X SDS lysis buffer containing 50 mM Tris-HCl (pH 6.8), 10% glycerol and 2% SDS and boiled for 10 min, followed by centrifugation at 16,000 x g for 10 min at room temperature. Protein concentration was determined using a Micro BCA™ Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of extracted protein samples (20 µg) were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (GE Healthcare Life Sciences, Chalfont, UK). Membranes were blocked using 5% (w/v) bovine serum albumin (BSA; Amresco, LLC, Solon, OH, USA) for 2 h at room temperature, followed by incubation with the following primary antibodies: Anti-TGFβ (cat no. 3711; 1:1,000), anti-B-cell lymphoma (Bcl)-2 (cat no. 2872; 1:1,000), purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA); and anti-GAPDH (cat no. TA505454; 1:5,000; Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, China) diluted in TBS containing 0.05% Tween-20 (TBST) at 4˚C overnight. Following 3 washes with TBST, horseradish peroxidase (HRP)-conjugated secondary antibodies (cat nos. ZB-2305 and ZB-2301; 1:5,000; Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.) were added to membranes and incubated at room temperature for 2 h. Protein bands were visualized by enhanced chemiluminescence using ECL reagents (Pierce; Thermo Fisher Scientific, Inc.). GAPDH was used as the loading control. Blots were semi-quantified by densitometric analysis using the Image-Pro Plus software version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). Experiments were repeated 3 times.
Immunohistochemistry. Immunohistochemistry was performed as previously described (8) . Sections (10 µm) of the frozen aorta tissue samples were blocked using PBS containing 0.05% Tween-20 and 1% BSA at room temperature for 30 min, and incubated at 4˚C overnight with an anti-TGFβ (cat no. 3711; 1:1,000) primary antibody, purchased from Cell Signaling Technology, Inc. Subsequently, sections were incubated with a HRP-conjugated goat secondary antibody (cat no. ZB-2301; 1:5,000; Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.) at room temperature for 60 min. A Metal Enhanced 3,3'-diaminobenzidine Substrate kit (Pierce; Thermo Fisher Scientific, Inc.) was used for 3 min to develop the colour, and sections were counterstained with hematoxylin (10%) at room temperature for 30 sec. The integral absorbance was examined under a light microscope and results were quantified using the Image-Pro Plus software version 6.0 (Media Cybernetics, Inc.).
Luciferase assay. The region of the TGFβ 3'-UTR containing the potential binding site of miR-126 (source: NCBI GenBank; https://www.ncbi.nlm.nih.gov/nuccore/NM_011577.2) was predicted using TargetScan version 7.1 (http://www.targetscan .org/vert_71/). The sequence was inserted into the 3' region of the luciferase gene in a luciferase vector (wt-Luc-TGFβ; Shanghai GeneChem Co., Ltd., Shanghai, China), and a mutated version of this sequence was inserted into the vector (mu-Luc-TGFβ). Plasmid DNA (300 ng) and miR-126 mimic, antagomir or control oligonucleotide (80 nmol/l) were co-transfected using TransMessenger Transfection reagent into HUVECs seeded into 6-well plates at a density of 1-2x10 5 cells/well (confluence, 60-70%) for 24 h at 37˚C. The pRL-TK vector (Promega Corporation, Madison, WI, USA) expressing Renilla luciferase served as a control. The luciferase assay was performed using a Dual-Luciferase ® Reporter assay system (Promega Corporation) 24 h following transfection, according to the manufacturer's protocol.
Statistical analysis. Data are presented as the mean ± standard deviation of 3 independent experiments. The statistical significance of the differences between groups was assessed using one-way analysis of variance followed by a Neuman-Keuls post hoc test for multiple comparisons. Comparisons between two groups were based on least significant differences. P<0.05 was considered to indicate a statistically significant difference. Statistical analysis was performed using SPSS software version 21.0 (IBM Corp., Armonk, NY, USA).
Results

Reduction of miR-126 expression and increase in apoptosis of arterial endothelial cells in high-fat diet fed mice.
To evaluate the impact of miR-126 on an established AS model, apoE -/-mice were fed a high-fat diet for 12 weeks, followed by subcutaneous injection of 10 mg/kg control miRNA, miR-126 antagomir or miR-126 mimic twice for one week, and once a week for 4 weeks. Subsequently, the expression of miR-126 in the aorta was determined using a miRNA Plate assay kit. miR-126 levels were reduced in AS mice compared with control mice (P<0.05; Fig. 1A ). Following 4 weeks of treatment, the miR-126 mimic significantly increased miR-126 expression and the miR-126 antagomir significantly reduced the expression of miR-126 compared with AS mice injected with control miRNA (P<0.05; Fig. 1B ). In addition, caspase-3 activity was measured following 4 weeks of treatment with the miRNAs. Compared with the control group, caspase-3 activity was greater in AS mice (P<0.05; Fig. 1C ). Treatment with miR-126 antagomir and mimic exhibited no effect on caspase-3 activity in mice fed a standard diet (Fig. 1D) . Thus, the standard diet group was not analysed in subsequent experiments.
miR-126 expression alleviates endothelial permeability in AS model mice.
To investigate the effect of miR-126 on endothelial permeability, NHS-LC-biotin and XRITC-avidin were used to detect the endothelial permeability of aortic intima. Results presented in Fig. 2 demonstrated that the aortic intima from AS mice exhibited greater staining with NHS-LC-biotin compared with control mice, in which only the endothelial surface was stained. When AS mice were treated with an miR-126 antagomir (Fig. 2Ac) , an increased quantity of NHS-LC-biotin leaked into the aortic intima compared with AS mice treated with control miRNA (Fig. 2Ab) . By contrast, miR-126 mimic (Fig. 2Bc ) treatment reduced endothelial permeability compared with control miRNA-treated AS mice (Fig. 2Bb) .
miR-126 inhibits apoptosis in AS model mice.
As apoptosis is involved in the development of AS, the effect of miR-126 on apoptosis was investigated in the current study. Caspase-3 activity was significantly increased in AS model mice treated with control miRNA compared with control mice treated with control miRNA, and miR-126 antagomir treatment further increased caspase-3 activity (P<0.05; Fig. 3A) . Treatment with an miR-126 mimic partially reversed the increased activity of caspase-3 induced by a high-fat diet (P<0.05; Fig. 3B ). The opposite results were observed when the expression levels of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) were analysed ( Fig. 3C and D) .
miR-126 modulates TGFβ expression in AS model mice.
Previous studies have demonstrated that TGFβ promotes apoptosis in endothelial cells (22) (23) (24) . Therefore, the present study investigated the effect of miR-126 on the expression of TGFβ. TGFβ protein expression levels were increased in AS model mice treated with control miRNA compared with control mice treated with control miRNA, as determined by western blot analysis ( Fig. 4A and B ) and immunohistochemistry ( Fig. 4C and D) . This result indicated that TGFβ may be a target gene of miR-126. Results in Fig. 4 demonstrated that miR-126 antagomir treatment significantly increased levels of TGFβ in AS model mice ( Fig. 4A and C) , whereas an miR-126 mimic had the opposite effect ( Fig. 4B and D) .
TGFβ is a target of miR-126. miRNAs specifically bind to the 3'-UTR of target mRNAs and induce transcript degradation or translational repression. An miR-126 binding site in the TGFβ 3'-UTR was identified and the alignment between miR-126 and the wild-type and mutant TGFβ 3'-UTR are presented in Fig. 5A and B, respectively. This indicated that miR-126 may cause translation inhibition of TGFβ. To validate this result of bioinformatics analysis, wt-Luc-TGFβ and mu-Luc-TGFβ were inserted into the luciferase vector, which was co-transfected into HUVECs with control miRNA, miR-126 antagomir or miR-126 mimic. Treatment with miR-126 mimic reduced luciferase activity in HUVECs co-transfected with wt-Luc-TGFβ compared with HUVECs co-transfected with wt-Luc-TGFβ and control miRNA (Fig. 5C ). In HUVECs co-transfected with mu-Luc-TGFβ and an miR-126 mimic, no inhibition was observed (Fig. 5C ). miR-126 antagomir significantly promoted luciferase activity in the wt-Luc-TGFβ-transfected HUVECs, but had no effect on mu-Luc-TGFβ-transfected HUVECs (Fig. 5D ).
Discussion
The present study investigated the effect of alterations in miR-126 expression on endothelial cell permeability and apoptosis in a mouse model of AS. The present results demonstrated that TGFβ was a direct target gene for miR-126, thus suggesting that miR-126 may bind to TGFβ and suppresses its expression. These findings indicated a novel mechanism by which miR-126 may have a vital role in endothelial permeability and apoptosis in AS model mice. It has been reported that a high-fat diet is one of the factors that promotes AS development (7, 31, 35) . Jakob et al (36) demonstrated that the expression of miR-126 in patients with chronic heart failure was significantly reduced compared with healthy controls. Furthermore, cardiac function was markedly improved by transfection with miR-126. The present study demonstrated that arterial wall permeability and apoptosis was increased in AS, and inhibition of miR-126 promoted this pathological process. Overexpression of miR-126, using an miR-126 mimic, attenuated these effects. Thus, normal levels of miR-126 may be necessary for the integrity of the arterial wall. However, miR-126 inhibited apoptosis as demonstrated by reduced caspase-3 activity and increased protein expression levels of Bcl-2 in mice fed high-fat diets. miR-126 had no effect on basal apoptosis in mice fed standard chow. This indicated that miR-126 may only inhibit apoptosis in mice on a high-fat diet, which inhibits miR-126 expression. However, this requires further investigation.
Typically, miRNAs influence gene expression by inducing post-transcriptional inhibition, mRNA degradation or translation suppression (12, 13) . It has been reported that TGFβ has key roles in inflammatory responses and apoptosis (24) (25) (26) , and is closely associated with the pathogenesis of AS (27, 28) . The present study demonstrated that miR-126 directly binds to TGFβ mRNA and inhibits its expression. The results of the current study demonstrated that a reduction in miR-126 expression caused by a high-fat diet increased TGFβ protein expression levels and caused an increase in endothelial permeability and apoptosis.
In conclusion, the present study identified TGFβ as a direct target gene of miR-126, and demonstrated that reduced miR-126 expression increased TGFβ protein expression. These findings suggested that TGFβ downregulation may be implicated in the increased endothelial leakage and apoptosis that is observed in AS. Based on the results of the current study, miR-126 may have potential as a novel target for the treatment of cardiovascular diseases.
